Gallium Oxide (Ga2O3) has a huge potential on the power device for its high breakdown show a much larger 2DEG concentration, the spontaneous-polarization-dominated electric field, better DC output performance, as well as higher breakdown voltage. This study provides a new research approach that shifting from -doping-induced to polarization-induced on -Ga2O3-based HEMT, which can also be a guideline for community excavating the application potential of Ga2O3.
INTRODUCTION

Gallium(III) Oxide belongs to a family of conducting transparent semiconductor (TSO)
with the formula Ga2O3. Recently, Ga2O3 attracts many attentions 1 due to its wide band gap and high breakdown field properties, which has applications in deep UV 2 and unstable, -phase and -phase have potential applications due to unique properties. -phase Ga2O3 and -phase (AlGa)2O3 alloy on -phase Al2O3 (sapphire) has been demonstrated by mist-CVD, which has potential for power device application. 11 -phase Ga2O3 has the largest polarization constant, which have the potential for polarization engineering. 12 -Ga2O3 is thermodynamics stable phase, and has attracted most of the recent attention. Its Schottky barrier diode (SBD) 13 , enhanced-mode vertical transistor 14 , and high electron mobility transistor (HEMT) 15 have been realized based on its good transport properties (mobility>200cm 2 /Vs, saturation velocity ~2 × 10 7 cm/s 16 ).
Due to its nonpolar property, the demonstrated -Ga2O3 based HEMT such as -(AlxGa1-x)2O3/Ga2O3 heterostructure follows conventional GaAs HEMT structure 17 to apply -doping in the barrier to induce the 2DEG in channel and the sheet charge density of ~10 12 /cm 2 can be achieved. 18 However, compared with doping-induced HEMT, utilizing the polarization property can realize superior performance. A good example is that polarization-induced GaN-based HEMT exhibits higher 2DEG density of the order of ~ 10 13 /cm 2 19 than GaAs-based HEMT with -doping-induced 2DEG
(~ 10 12 #/cm 2 ). 20 . If -Ga2O3 HEMT can follow GaN HEMT structure using polarization-induced 2DEG in channel, the performance would be even better than -doping-induced 2DEG HEMT. Recently, many studies or proposes to combine Ga2O3 and nitride materials together to form oxide/nitride heterostructure for potential applications. 21, 22, 23, 24 Also, the heterojunction between β-Ga2O3 and III-nitride material has been demonstrated to investigate the band alignment and other properties 25, 26 . A large polarization discontinuity on the heterojunction between the nonpolar β-Ga2O3
and III-nitride with polarization, which may give rise to the formation of 2DEG on the interface, even with an unexceptionable device performance.
In this work, we systematically investigate the interface between III-N materials/-Ga2O3 based on the band alignment and modern polarization theory. By considering about the conduction band and polarization difference, the N-polar AlN/-Ga2O3 heterojunction is found that can form a channel and hold large 2DEG density on the interface. Compared with conventional metal-polar AlN/GaN HEMT, the proposed Npolar AlN/-Ga2O3 HEMT using polarization-induced 2DEG can realize much huger 2DEG density (spontaneous-polarization-dominated), better DC and transconductance performance, as well as higher breakdown voltage.
POLARIZATION THEORY AND STRUCTURE DESIGN
A. Polarization theory
Two-dimensional electron gas (2DEG) is well known as a large number of electrons accumulating in a thin layer which are free to move in two dimensions, but tightly confined in the third. The carriers confined in a potential are quantized and the motion of carriers also exhibit highly quantum behaviour, such as the quantum Hall effect 27 . Normally the 2DEG appears near the interface of heterostructure that can just transport along the interface with high mobility and form the flow of current. These special properties are utmostly taken to design field effect transistors (FET) such as HEMT. Both the modulation doped heterojunction 28 or polarization effect 29 can all induce the gathering of the electrons to form 2DEG channel.
The formation mechanism of polarization-induced HEMT is strongly relied on the electric field created by polarization difference on the interface of heterostructure, which can be well explained by the existence of the surface donor-like states 3031 .
Assuming these donor-like surface states are located quite deep under the Fermi level with a thin barrier. When getting the positive sheet charge on the interface, a positive electric field along the grown direction can be obtained. Under this circumstance, as the width of the barrier increases, the surface donor level will approach the Fermi level till reach it, and then the electron can be transferred from the surface donor state to the conduction band. At the same time, the electric field created by the positive polarization-induced sheet charge on the interface provides the force for these electrons from the surface state being drafted to the heterointerface. Moreover, the discontinuity of conduction band is needed to create a thin channel where the high-density electrons can exist as well as separate the electrons in the channel from their donor atoms which reduces Coulomb scattering and hence increases the mobility of the conducting electrons. Therefore, a large number of electrons can accumulate within a thin channel with high mobility and form 2DEG. Obviously, the formation mechanism of 2DEG in polarization-induced HEMT can be attributed to three conditions: (i) the polarization- 
What's more, if people want to design the polarization-induced HEMT based on β-Ga2O3 and III-nitride material, the polarization difference must be carefully considered due to that the only positive electric field along the growth direction induced by polarization can raise the donor level to Fermi level and draft electrons to the channel.
Generally, ZB polarization engineering which takes zincblende (ZB) as reference structure to calculate spontaneous polarization (SP) and polarization difference of heterojunction has been widely used 32 . It shows a good coherence on the calculation of III-N materials (like AlN, GaN and InN) including semi-polar or none-polar nitride materials 33 . However, aiming at the calculation of c-plane III-N materials, a modern theory of polarization has been recently proposed and verified 34 . This modern polarization model takes hexagonal reference structure (H reference) rather than the ZB structure to calculate the polarization of c-plane III-N materials, and shows the high accuracy on the spontaneous and piezoelectric constants, as well as bound sheet-charge densities and polarization fields. The calculated polarization values of AlN, GaN ,and
InN by H reference are listed in Table I , which has been presented by Liu et. al 35 .
Moreover, Macciono et. al. 36 has reported that the most stable β-Ga2O3 shows a zero value no matter on spontaneous polarization (SP) properties or piezoelectric (PZ)
constants. The correct implementation of polarization constants in wurtzite materials shows prodigious amendment on the SP and PZ constant. However, it should be noted that the PZ polarization will have different forms when taking H reference polarization model to calculate the heterostructure due to the strain in epitaxial layer builds a bridge for the SP and PZ polarization. When calculating the sheet charge at the heterointerface [Equation (1)], the PZ polarization can be described as follow:
Here , The calculation results of polarization by hexagonal reference in Table II 
Polarity of barrier 
B. Device structure design
The N-polar AlN/β-Ga2O3 heterojunction has been proposed and proved to meet all the standard of forming a HEMT structure, based on which the structure of the proposed N-polar AlN/β-Ga2O3 HEMT and parameter values employed for the simulation are shown in Fig. 3 and Table III, 
RESULTS AND DISCUSSION
A. 2DEG concentration Fig 4(a) shows the calculated 2DEG concentration as a function of the barrier thickness for N-polar AlN on β-Ga2O3 and metal-polar AlN on GaN. The polarizationinduced 2DEG charge density which comes from donor-like surface states can be tuned by changing the barrier thickness. As the barrier thickness increases, the 2DEG concentration will enlarge and approach the polarization sheet charge density on the interface until the strained barrier relaxes.
It has been experimentally demonstrated that the AlN barrier thickness for 2DEG
formation in metal-polar AlN/GaN HEMT is around 1.3nm 45 . It also can be estimated that the critical thickness of AlN barrier on GaN is ~6.5nm when taking Blanc's estimation ~/2 (ε is the strain in AlN layer coherently strained on GaN, be is the length of the Burgers vector) 46 . Therefore, a high-mobility window for AlN barrier thickness between 3~5nm (AlN is assumed to be coherently strained on GaN) with the sheet densities from~2.5×10 13 /cm 2 to ~3.9×10 13 /cm 2 at AlN/GaN heterojunctions can be achieved 47 . Some other researches also account for it 484950 . Our calculation results of metal-polar AlN/GaN HEMT based on H reference shows a good match with the experimental data in Fig 4 (a) . Typically, for AlN barrier equals to 3nm, a 2DEG concentration confined at the heterointerface of 2.6×10 13 /cm 2 can be achieved. Not only that, the designed N-polar AlN/β-Ga2O3 HEMT which holds a large sheet charge density (1.452 C/m 2 ) can induce a high electron concentration (~10 14 /cm 2 ) that forms a 2DEG channel on the side of β-Ga2O3 as shown in Fig 4 (a) . Even the barrier thickness is reduced to one monolayer like 3 Å, it can still hold a large 2DEG density(2.5× 10 14 /cm 2 ). As the thickness of barrier increases, the 2DEG concentration will enlarge and reach saturation at around 3nm (corresponding to 5.1×10 14 /cm 2 2DEG density).
Normally in Al(Ga)N/GaN HEMT using polarization-induced 2DEG, the 2DEG concentration is very sensitive with the barrier thickness. Especially for metal-polar AlN/GaN HEMT, owing to the spontaneous polarization of AlN (1.333 C/m 2 ) and GaN (1.339 C/m 2 ) are very similar, upon reaching above the critical thickness (~6.5nm), the Fig 4(b) shows the calculating 2DEG concentration versus the relaxation degree (we assume that 0% and 100% represent the barrier is fully strained and fully relaxed on the buffer layer, respectively) of the conventional AlN/GaN HEMT and designed Ga2O3-based HEMT. Table IV to be between 300~480 mS/mm. 46, 47, 48 The large source-drain current and high transconductance are attributed to the huge 2DEG concentration on the interface. without any optimization such as the introduction of the localized Mg-doped layer under the 2-DEG channel 53 or the drain metal extension 54 . The enhancement of VBR is mainly due to the larger critical electrical field of β-Ga2O3 channel than GaN as the channel layer in conventional Al(Ga)N/GaN HEMT, and thus together with high current density, the proposed HEMT will potentially have a great power density performance.
In addition, some optimization methods including the introduction of field plate, guard rings, as well as floating metal rings can be taken to further improve the breakdown voltage of Ga2O3-based HEMT. 
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